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I dedicate this thesis to my parents who are a great inspiration to me.

PREFACE
This dissertation is submitted for my Master’s degree at Western Kentucky
University. The research described herein was conducted under the supervision of Dr.
Yan Cao in the Department of Chemistry, Western Kentucky University, from Augest
2014 to May 2016 to the best of my knowledge. This work is original expect where
acknowledgements and refernces are made to previous work. Neither this, nor any
substantially similar dissertation has been or is submitted for any other degree, deploma
or other qualification at any other university.
Sustainable Energy has captured my interest since I was in high school. I learned how
fast the fossil fuels were running out and how seriously they are exacerbating the
environmental problems. This experience forced me to choose my undergraduate major
as Materials & Devices for New Energy. Then, introduced through my friend Jingyi, I
decided to continue my advanced study in the Chemistry Department of Western
Kentucky University after completing my undergraduate study in China.
In my early days here, I faced a lot of challenges, i.e., cultural differences, language
barriers, lecturing experience in my first TA class, my first English speech, etc. However,
I do appreciate such challenging, as they forced me out of my usual thoughts and
behavior and, made me grow faster than ever. As a graduate student and research
assistant, I developed my interest, on top of the innovation of sustainable energy, into
how I can realize the assigned goals. Most of my research work is related to the superb
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photocatalytic TiO2, graphene and MoS2 materials, which, through unremitting efforts,
turned into several submitted research papers.
I have a great deal of enthusiasm about the research work, and I enjoy the learning
and studying process. I really hope my work would be valuable and useful in the future.
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This study focuses on the visible light response of hetero-structures of TiO2-grapheneMoS2 for soalr energy harvestings. The commercial P25 TiO2 nano-particles, and selfprepared layered reduced graphene oxides (RG) and MoS2 were assembled for the
targeted hetero-structure materials as visible-light responsible solar harvesting cocatalysts. The hydrothermal method was applied for nano-material synthesis, the
reduction of graphene oxides, and bonding formation. Multiple characterization methods
(SEM-TEM, XRD, XPS, UV-VIS, PL, FT-IR, TGA) have been applied to understand the
electron-hole pair separation and recombination, and performance tuning in their visiblelight photo-catalysis rhodamine B (Rh.B) degradations process.
Compared to TiO2, an obvious red shift of light absorption (from 3.1 eV to 2.6 eV) of the
as-prepared RG-TiO2 was observed by UV-vis analysis, and an enhanced photocatalytic
degradation of the Rhodamine B (Rh.B) using the as-prepared RG-TiO2 was also
observed in a Xe lamp exposure test. The explication of these two approaches to
photocatalytic improvements were concluded as the energy gap changing, the formation
of Ti-O-C chemical bonds between TiO2 and RG for charge transfer and the reduction of
the band gap, as well as a likelihood of up-conversion photoluminescence mechanism
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(UCPL). The synthesis temperature was found to be critical factor to control binding
formation and agglomeration of nano-materials. The lower and higher temperatures
induced ineffective formations of preferable bonding structures and the significant
agglomeration. The optimal synthesis temperature was found to be within 120 ℃-150 ℃
in the TiO2-RG system. For better understanding of the Ti-O-C bonding, a heterostructure of TiO2 nanotube arrays with GO (TNA-GO) was synthesized using the
Langmuir-Blodgett (LB) assembly method. The band gap of this assemble was very close
to the previous TiO2-RG synthesized below 120 ℃, which is very close to that of TiO2
nano-particles. This lead to the conclusion on the significance of the Ti-O-C bonding in
the visible-light-responsible photo-catalysis solar harvestings.
This study revealed the fundamental mechanisms on the bonding formations and the
significant visible-light-response of hetero-structcures between commercial-available,
inexpensive and non-toxic TiO2 and layered materials, such as the zero-band-gap
graphene and the smaller-band-gap MoS2. This mechanisms understanding will greatly
sustain applications of economical-effective and environmental-safe TiO2.
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I.

INSTRUCTION

1.1 Backgrounds
1.1.1 Photocatalysis
Fossil fuels (coal, natural gas, and petroleum oil) are related to serious levels of
emissions (i.e., environmental pollutions, acid rain, abnormal climate changes, etc.),
which have been regulated in the U.S and world-wide. Renewable energy is an ideal
supplement, in a long-term perspective, to our decreasing dependency on fossil fuels. The
biggest challenges of utilizing renewable energy are energy conversion efficiencies and
stability of supply, which are both directly relative to their cost. Currently, the renewable
energy utilization is still less cost-competitive when compared to fossil fuel energy.

Among all of the renewable energies, solar energy is one of the most important ones,
for that the Sun releases an enormous amount of radiation energy to its surroundings: 174
PW (1 PW = 1015 W) at the upper atmosphere of the Earth.1 Renewable solar energy is
abundant; however, it is only cost efficient if utilization efficiency is high enough.
Another aspect regarding its cost is relative to its properties of intermittent supply, which
require energy storage. Researchers have exploited this new energy source primarily by
means of solar cells1-2 and solar fuels or chemicals, such as hydrogen3, methane4, and
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methanol5. Solar cells have been quickly developed with improved generation
efficiencies, but are inconvenient because of the need for large-scale energy storage.
Alternatively, solar fuels are competitive in concept because they do not require largescale energy storage. But current technologies are much less efficient in energy
conversion. In all kinds of solar fuels, productions of methanol could stand out, because
methanol is a common chemical and a higher energy-density fuel for easier storage.
Active hydrogen species (proton H+ or activated hydrogen atom H·) can be generated
from solar photoinduced water splitting to reduce CO2 to methanol using a photocatalyst46

. Solar energy is partially stored in methanol, and CO2 is consumed to produce valuable

fuels in favor of alleviation of climate change impact from CO2.

Photocatalysis, as a major direction of utilizing solar energy, has attracted increasing
attention, in which the abundant, clean, and safe energy of the solar energy can be
harnessed for sustainable, nonhazardous, and economically. During photocatalytic
process, light (typically sunlight) is absorbed by an adsorbed substrate and the efficiency
of photocatalytic activity depends on the ability of the catalyst to create electron–hole
pairs. By utilizing the energy of absorbed photons, photocatalysts can be optimized
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catalyze a wide variety of important chemical processes such as the destruction of
organic pollutants for water or air purification and solar fuels productions.
1.1.2 Titanium dioxide (TiO2)
TiO2 has been widely studied for many decades evidenced by both a great number of
publications and its various applications. It has many superb characteristics such as
nontoxic, low-cost, long-term stable and highly efficient photocatalystic properties. With
a band gap of ∼3.2 eV (corresponding wavelength of ∼390 nm), the applications of TiO2
include photovoltaics2, dye-sensitized solar cell (DSSC)7, water splitting8, solar fuel
producing9, recalcitrant pollution photodegradation10 and other photocatalytic reactions.
Among the major stable phases of TiO2 (anatase, rutile, and brookite), anatase was
reported as the highest photocatalyticly active one11, while a certain amount of rutile in
anatase was then suggested a benefit in photocatalysis12.

As a photocatalyst, TiO2 can transfer solar energy into chemical energy or electricity
due to its electronic structure, support photosensitizer due to its large surface area (when
it is nanoparticle) and transport electrons due to its electrical properties.13 When excited
by light of wavelength equal to or greater than the band gap energy, the electron-hole
pairs can be generated in TiO2 and utilized. For example, in the photodegradation case,
3

the photogenerated holes on the valance band of TiO2, with strong oxidizing power, may
decompose some organic compounds to small molecular products or be completely
oxidized to carbon dioxide (CO2), while the photogenerated electrons, with reducing
abilities, are consumed by reducing the oxygen (O2) absorbed on TiO2 particles’ surface.

The modified TiO2 (TiO2 nanotube arrays, TNAs) has advantages which include a
highly specific surface area and superb electron transport properties. However, its wide
band gap limits its ability of visible light (VIS) utilization. The visible light accounts for
the majority energy of sunlight. The modification of pristine TNAs, for example,
elements doping, metal modification, narrow band gap composite and heterojunction, can
improve its VIS utilization14, such as the use of Cu2O/TNAs. Cuprous oxide is a p-type
semiconductor with a narrow band gap of 2.17 eV for VIS reception and a more negative
CB than TiO2. It can combine with n-type TNAs to form p-n heterojunction that assists
the separation of photogenerated electron-hole pairs due to its unilateral conductivity.
Copper-based oxide is also a superb catalyst for CO2 hydrogenation into methanol by
many methods, such as photocatalysis, electrocatalysis15 and chemical catalysis. Current
literature reports on the TNAs loaded copper nano-particles (CNPs) for hydrogen
generation and organic pollutants degradation, but also reports accumulation of electrons
4

or holes on the surface of CNPs to reduce or oxidize Cu(I) into Cu(0) or Cu(II) leading
photo-degradations of photocatalysts. Photocatalysts modified by different methods differ
not only in the photo-productivity but also the selectivity of products.
1.1.3 Graphene and graphene oxide (GO)
As one of the most popular materials, graphene is attracting scientists’ attention
recently, with its superb characteristics like large surface to mass ratio, high mechanical
strength (second- and third-order elastic stiffness of 340 Nm–1 and –690 Nm–1, breaking
strength of 42 Nm–1 )16, great charge-carrier mobility (105 cm2/Vs at an ambient
temperature and 106 cm2/Vs at low temperatures17), excellent thermal conductivity (up to
∼5000 W/mK for the suspended single-layer graphene at room temperature17) and ease of
functionalization18. Taking advantage of a hexagonal lattice and 2D π−π conjugation on
its surface (graphite is arranged graphene layers with overlapping pz orbitals19), graphene
can act as an electron acceptor and then increase the catalytic efficient of the
nanoparticles anchored to its surface. Thus, graphene is a promising candidate for future
electronics, sensors, composites, supercapacitors, transparent conductive films, solar cell,
gas storage media, Lithium ion batteries, and so on. However, it’s not a semiconductor
and can only be used for enhancing electric conductive application.
5

There are many ways to prepare graphene, i.e. chemical vapour deposition (CVD)20,
micro-mechanical cleavage21, electrolytic exfoliation22, Brodie method23, Staudenmaier
method24, Hummers method25, etc. As one of the chemical exfoliation strategies from
bulk graphite, which have been suggested to be more efficient and inexpensive than the
mechanical way and, since both Brodie method and Staudenmaier chemical exfoliation
method would generate ClO2 gas, Hummers method is used in most of graphene related
research works. One drawback of the Hummers method is potential contamination by
excess permanganate ions, which should be removed by treatment with H2O2, followed
by washing and thorough dialysis.26 By using Hummers method, the introduction of
oxygen-containing functional groups such as hydroxyl and epoxide reduces interlayer
interactions and results in an increase in the d-spacing of graphene oxide (GO), thereby
promoting complete exfoliation of single GO layers in some specific conditions.27 The
increased spacing varies significantly depending on the amount of water intercalated
within the stacked-sheet structure and reduces interaction between sheets, thus facilitating
the delamination of GO into individual graphene oxide sheets upon exposure to lowpower sonication in water. At slightly basic pH, negatively charged, hydrophilic oxygen-
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containing functional groups on the graphene oxide surface can stabilize dispersions of
these sheets in aqueous media.26
1.1.4 Molybdenum Sulfide (MoS2)
Two-dimensional (2D) materials like graphene, with a wide range of electrical
properties and potential practical applications, are an increasing popular class of new
materials, and few-layer MoS2 is one of them.28 A MoS2 crystal is composed of stacks of
atomic layers bound by van der Waals forces, with each layer constructed from S-Mo-S’
triple atomic planes with strong in-plane bonding.29 Each 2D crystal layer is about 0.65
nm thick.30 Depending on the arrangement of its S atoms, single-layered MoS2 appears in
two distinct symmetries: the 2H (trigonal prismatic D3h) and 1T (octahedral Oh) phases.
The two phases should exhibit completely different electronic structures, with the 2H
phase being semiconducting and the 1T phase metallic. The two phases can easily
convert one to the other via interlayer atomic plane gliding, which involves a transversal
displacement of one of the S planes.29

Unlike semi-metallic graphene, MoS2 is a direct-bandgap semiconductor with
bandgap of about ∼1.29 to ∼1.8 eV (from through peeling bulk to single layer)31, which
allows a high absorption coefficient and efficient electron-hole pair generation under
7

photoexcitation,

and free energy of adsorbed atomic hydrogen close to that of the

reactant or product (i.e., ΔGH ° ≈ 0)32, few-layer MoS2 materials are widely used as
sensors33, lithium ion batteries34, phototransistors35 and photocatalysts32, 36. Due to these
remarkably potential applications, multiple synthesizing methods of few-layer MoS2 have
been put into practice, i.e. CVD37, physical vapor deposition (PVD)38, microwave plasma
method39, arc process40, electrochemical method41 and hydrothermal method34a, 36, 42, etc.
1.2 General research goals
To obtain a material with improved photocatalytic activities, my research study has
been focused on the nanostructured TiO2 or MoS2 on RG sheets and their characteristics,
application performances and mechanisms.

There are some studies reported before related to my thesis research studies.

A heterostructure of TiO2 nanoparticles on RG sheets has been studied by many
groups. Perera et al synthesized graphene-TiO2 nanotube composites using hydrothermal
method. They found ∼70% reduction of oxygenated species after alkaline hydrothermal
treatment. By evaluating photodegradation of malachite green, they reported that the
composite with 10% RG showed the highest photocatalytic activity, with a 3-fold
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enhancement in photocatalytic efficiency over pure TNAs.43 Zhang et al used their
synthesized P25-graphene composites to test methylene blue photodegradation and found
that about 85 and 70% of the initial dyes were decomposed by P25-RG and P25-carbon
nanotubes after less than 1 h UV light irradiation while nearly 75% of the initial dye still
remained in the solution after the same time period for bare P25. In addition, they also
found that in the case of visible light photodegradation, P25 had only 12% of the initial
contaminants diminished after more than 1 h, whereas the P25-GR composite showed 65%
of the dye molecules degradation.44 Wang et al reported a dye-sensitization-induced
visible-light reduction method to synthesize TiO2-RG nanocomposites and they found
that all the TiO2-RG nanocomposites exhibit a higher photocatalytic activity when
degraded methyl orange than the pure TiO2 (k = 0.0062 min−1). When the amount of RG
is ca. 0.1 wt %, the resultant nanocomposite showed the highest photocatalytic
performance with a k value of 0.0095 min-1, which was larger than that of pure TiO2 by a
factor of 53 %.45 Pan et al synthesized a graphene quantum dots (GQD)−TiO2
heterojunction and found it, with GQD content of 1.0 wt %, exhibited 15 times higher
photocatalytic performance for degrading methyl orange under visible-light irradiation
than TiO2 alone and photocurrent intensity in response to visible-light excitation
9

increased by 9 times.46 Shah et al used the TiCl4 and GO to synthesize TiO2-RG
nanocomposites via hydrothermal method. The best catalytic activity was observed with
2 wt % RG, resulting in Rh.B degradation of 98.8 wt % after 80 min under visible light.
In addition, TiO2−RG nanocomposites exhibited an accelerated value (k = 0.031 min−1) of
the degradation rate constant, greater by an order of magnitude than that of P25 (k =
0.003 min−1).47 It was also reported by Lee et al that graphene-TiO2 nanoparticles
exhibited a red-shift of the band-edge and a significant reduction of the bandgap (2.80
eV). They found that the graphene-TiO2 nanoparticles possessed excellent photocatalytic
property under visible light for the degradation of methylene blue with a rate constant of
3.41×10−2 min−1, which was much higher than that of bare anatase TiO2, graphene-TiO2
(two-step hydrothermal), and P25 powder.48 Liu et al tested a TiO2-RG composite by
using photocatalytic reduction of Cr(VI) and the reported that the composites exhibited
enhanced photocatalytic performance for the reduction of Cr(VI) with a maximum
removal rate of 91% under UV light irradiation as compared with pure TiO2 (83%) and
commercial TiO2 P25 (70%).49

Several studies also focused on nanostructures of few-layer MoS2 with RG
nanosheets. Chang et al used MoS2/RG composite for lithium ion batteries with the
10

highest specific capacity (Mo:C molar ratio of 1:2) of∼1100 mAh/g at a current of 100
mA/g, as well as excellent cycling stability and high-rate capability.34a Zhou et al found
the best performance was at a MoS2/RG ratio of 2:5 with an overpotential of only −107
mV, a Tafel slope of 86.3 mV/dec and almost no change of the cathodic currents in
hydrogen evolution reaction (HER) for up to 8 h of continuous operation.36b The results
indicated by Min et al showed that the MoS2/RG nanohybrid could catalyze the protons
reduction more efficiently with relative to pristine MoS2 and a high apparent quantum
efficiency (AQE) of 24.0% has been obtained at 460 nm.50

A heterostructure of few-layer MoS2 nanosheet-coated TiO2 nanobelt has been
reported by Zhou and co-workers using hydrothermal method.36c In their study, the
heterostructure showed the highest hydrogen production rate of 1.6 mmol h-1g-1 when 50
wt% of MoS2 was loaded on the TiO2 nanobelts. In Rh.B photodegradation testing, the
TiO2@MoS2 showed the Rh.B adsorption value of 103.24 mg/g in dark, compared to
pure TiO2 nanobelts (0.64 mg/g) and pure MoS2 nanosheets (97.05 mg/g). After 20 min
of exposure, the Rh.B degradation rates of TiO2@MoS2, TiO2 and MoS2 were 100%,
35.3% and 86.9%. Zhang et al also reported a hydrothermal synthesized TiO2/MoS2
composite with high visible-light photocatalytic activity.30 In their study, after visible11

light irradiation for 60 min, the methyl orange (MO) molecules were almost completely
degraded by TiO2/MoS2 (97 %), which is higher than pure TiO2 (28%), MoS2-TiO2
physical mixture (27%) and P25 (90 %).
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II. EXPERIMENT
2.1 Chemicals
All chemicals used were of analytical grade and used without any further purification.
Among them, sodium nitrate (NaNO3, extra pure), ammonium fluoride (NH4F; 98+%,
extra pure), sodium molybdate (Na2MoO4), L-cysteine and Rh.B were purchased from
Acros Organics Corporation. Sulfuric acid (H2SO4), hydrogen peroxide (H2O2; 30%),
graphite powder, potassium permanganate (KMnO4), sodium hydroxide (NaOH),
methanol, ethanol, acetone and ethylene glycol were all purchased from Fisher Scientiffic
Corporation. Aeroxide titania P25 (TiO2; ca. 80% anatase and 20% rutile) was purchased
from Evonik Degussa Corporation. To give a comparative trail, the commercial few
layered graphene powder (GP) was purchased from Hefei Vigon Material Techenology
Co. LTD. Titanium foil (Ti; ca. 99.7%) was purchased from STREM Chemicals.
Throughout all this study, deionized water was always used.
2.2 Synthesis
2.2.1

Synthesis of GO

GO was synthesized from graphite using modified Hummers method.51 First, 1g of
graphite powder and 1g of sodium nitrate were put into 45mL of concentrated H2SO4.
Then, 6g of potassium permanganate was gradually added into the solution with vigorous
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stirring and ice bath to keep the temperature of the mixture was kept below 30℃. 10
minutes later, the ice bath was changed into water bath and the mixture was stirred at 35
℃ for 4h. After the color of the ropy mixture turned to dark brown, 200mL of deionized
water was slowly poured into the mixture. After continuously stirring for 1 h, the water
bath was changed into oil bath and the mixture was then stirred at 98℃ for 2 more hours.
Then, 30mL of 30% hydrogen peroxide was carefully added to the mixture. When the
color of the mixture fully turned to brown, the mixture was transferred into a large
beaker, and then washed with deionized water to remove other ions.
2.2.2

Synthesis of RG-TiO2 composite

10mL of concentrated GO solution was firstly dissolved in 500 mL deionized water
and then put under ultrasonic dispersion for about 5h. To anchor titanium dioxide (TiO2)
particles onto the surfaces of GO, 100mL of the diluted solution was taken out and
vigorously stirred in a Teflon container, and then 0.5g of TiO2 powder was gradually
added into the solution. It can be clearly seen that the color changed from brown into
grey yellow. Since it is found that sodium hydroxide can help change GO into graphene
due to the oxidative debris on GO’s surface, 3g of sodium hydroxide was then added into
the solution. After 10h of vigorously stirring, the Teflon container was transferred into a
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stainless steel reaction kettle, and kept under 120 °C for 24 h. The color of the GO and
TiO2 mixed dispersion turned into dark grey after the hydrothermal treatment, which may
be owing to the transformation of GO into RG. The RG-TiO2 composite was then washed
with deionized water and dried under 60℃.
2.2.3

Synthesis of RG-TiO2 nanocomposite series

10mL of concentrated GO solution was firstly dissolved in 500 mL deionized water
and then put under ultrasonic dispersion for about 5h. To anchor TiO2 particles onto the
surfaces of GO, 100mL of the diluted solution was taken out and vigorously stirred in a
Teflon container, and then 0.5g of TiO2 powder was gradually added into the solution. It
can be clearly seen that the color changed from brown into grey yellow. Since it is found
that sodium hydroxide can help change GO into graphene due to the oxidative debris on
GO’s surface, 3g of sodium hydroxide was then added into the solution. After 10h of
vigorously stirring, the Teflon container was transferred into a stainless steel reaction
kettle, and kept under a series of temperatures (60℃, 90℃, 120℃, 150℃, 180℃ and 210
℃) for 24 h. Then, these RG-TiO2 products were washed with deionized water and dried
under 60℃.
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2.2.4

Synthesis of RG

To make a contrast analysis, a RG was also synthesized separately using the same
method as RG-TiO2. 100mL of the diluted GO solution was poured into a Teflon
container under vigorous stirring, and 3g of sodium hydroxide was gradually added into
the solution. Then, after 10h of vigorously stirring, the as prepared precursor was also
treated under 120 °C for 24 h. Finally, the RG product was washed and dried too as what
was done to RG-TiO2 composite.
2.2.5

Synthesis of stirred RG-TiO2 sample (SRT)

To make a contrast analysis, a stirred RG-TiO2 sample was also synthesized
separately. 100mL of the diluted GO solution was poured into a flask under vigorous
stirring, and then, 0.5g of TiO2 powder and 3g of sodium hydroxide were gradually added
into this solution. After 34h of vigorously stirring, the as prepared RG-TiO2 stirring
mixture was centrifuged and dried as what was done to RG-TiO2 composite.
2.2.6

Synthesis of TiO2 nanotube arrays (TNA)

The highly ordered TiO2 arrays was synthesized by an anodization approach. Prior to
the anodization, the 3cm×1cm titanium foils were respectively pretreated in acetone,
ethanol, and deionized water orderly using ultrasonic cleaning, and then dried in air at 60
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℃. Then, the anodic oxidization was performed in a two-electrode system with the
prewashed titanium foil as anode, a platinum (Pt) sheet as cathode and ethylene glycol
solution containing 0.5 wt% NH4F and 2 vol% DI water as electrolyte at room
temperature. The applied potential was held constantly at 60 V for 2h. After the
anodization, the TNA sample was cleaned with deionized water and ethanol successively,
and then dried in air. After that, the prepared TNA sample was annealed in air at 500 ℃
for 2 h with a heating rate of 5 ℃/min.
2.2.7

Assembly of TNA-GO

GO films were assembled on TNA using the published Langmuir–Blodgett (LB)
method.52 To be specific, a DI water/methanol mixture with an optimal ratio of 1:5 was
chosen as the solvent to spread GO monolayers rapidly onto the water surface in LB
though (Kibron Inc., MicroTroughXS). Using an accurate glass syringe, 5 mL of the GO
dispersion was slowly dropped on the DI water surface at a speed of 100 μL/min. When
all GO dispersion was spread on the surface, the pretreated TNA foil was left up by the
vertical micromotor of LB though at a speed of 10 mm/min, while two barriers moving
from both sides to center at the same speed. The surface pressure was monitored by a
sensor. After the deposition, the substrate was dried in air overnight for 1 h to stabilize
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the adhesion of GO layer to TNA. The GO deposition was repeated for 5 times to get the
final TNA-GO.
2.2.8

Synthesis of MoS2

Few-layer MoS2 was synthesized using a modified published hydrothermal
method.36a A mixture of 0.75 g of Na2MoO4 and 1.2 g of L-cysteine were dissolved in
100mL of DI water and stirred for 2 h. Then transfer the mixture into a 150 mL Teflonlined stainless steel autoclave, seal it tightly, and heat it at 180 ℃ for 24 h. After cooling
naturally, the black precipitates were collected by centrifugation, washed with DI water
and ethanol respectively, and dried in an oven at 60 ℃ overnight.
2.2.9

Synthesis of MoS2-TiO2

With the same method as above, the composite of MoS2-TiO2 was synthesized by
mixing 0.75 g of Na2MoO4, 1.2 g of L-cysteine and 0.3g TiO2 together in 100mL of DI
water and stirring the system for 2 h. Similarly, then, the mixture was transferred into a
150 mL Teflon-lined stainless steel autoclave, sealed tightly, and heated at 180 ℃ for 24
h. After cooling naturally, the dark gray precipitates were collected by centrifugation,
washed with DI water and ethanol respectively, and dried in an oven at 60 ℃ overnight.
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2.2.10 Synthesis of MoS2-TiO2-RG
To synthesize MoS2-TiO2-RG nanocomposite, 60mL of the diluted GO solution was
taken out and vigorously stirred in a Teflon container. Then, 0.5g as-prepared MoS2-TiO2
sample was added into the solution and kept continuously stirred. 0.1 M NaOH here was
added to the solution until the pH value changed to 6.5. After 2h, the mixture was
transferred into 100 mL Teflon-lined stainless steel autoclave, sealed tightly, and heated
at 120 ℃ for 24 h. After cooling naturally down to room temperature, the black final
product was collected by centrifugation, washed with DI water and ethanol respectively,
and dried in an oven at 60 ℃ overnight.
2.3 Characterization
For each of samples, X-ray diffraction (XRD; ARL™ X'TRA Powder Diffractometer,
Cu Kα radiation, λ = 1.5406 Å) was recorded at room temperature with a scan step of
0.02, a scanning speed of 0.2 s/step. Scanning electron microscopy (SEM; Model JSM6510LV, JEOL Ltd., Tokyo, Japan) and high resolution transmission electron microscopy
(HRTEM; Model JEM-1400Plus, JOEL Ltd., Tokyo, Japan) were used to characterize the
morphologies and size of the synthesized samples. The chemical composition was
investigated by the energy dispersive X-ray spectroscopy (EDS). Raman spectra of
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samples were collected using a DXR Raman microscope (Thermo DXR), including a 780
nm excitation laser and a confocal microscope. The Fourier transform infrared spectra
were recorded by FT-IR Spectrometer (PerkinElmer, Spectrum Two) from 4000 to 500
cm-1. The X-ray photoelectron spectroscopy (XPS) measurements were performed with a
multi–functional photoelectron spectrometer (Axis Ultra DLD, Kratos) using Al Ka
radiation. UV-vis diffuse-reflectance spectroscopy (DRS) spectra were recorded with a
UV-vis spectrophotometer (Cary, 100 Bio) at wavelengths in the range of 200-800 nm,
with a baseline corrected by barium sulfate (BaSO4) powder. Photoluminescence (PL)
spectra were measured by fluorescence spectrometer (PerkinElmer, LS 55) using the
holder for solids. The heat flow and weight loss curves were measured in air atmosphere
by Simultaneous Differential Scanning Calorimetry and Thermogravimetric Analysis
(SDT; TA Instrument, 2960 Simultaneous DSC-TGA). BET surface area analysis was
carried out using the N2 adsorption isotherms at 77 K by a Micromeritics ASAP 2020
apparatus in the relative pressure range between 0.05 and 0.2.
2.4 Electrochemical measurement
For the electrochemical impedance spectroscopy (EIS)

measurement of powder

samples, the as-prepared RG-TiO2 nanocomposite and TiO2 P25 nanoparticles were fixed
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to foamed nickel electrodes by the following method: First, to prepared an active material
mud, the hybrids, carbon black (Super-P), and polytetrafluoroethylene (PTFE) were
grinded in an agate mortar at a weight ratio of 8:1:1. The resulting muds were coated onto
the nickel foams as the current collectors. Subsequently, the electrodes were dried under
ambient condition at 60℃ for 24 h to evaporate the solvent. The EIS measurements were
carried out in 0.5 M Na2SO4 solution by using a three-electrode system on Zennium
electrochemical workstation (Zahner, INC. Germany). The as-prepared resultant
electrode served as the working electrode, with a platinum foil as the counter electrode
and a saturated calomel electrode as the reference electrode. The impedance spectra were
recorded under an AC perturbation signal of 5 mV over the frequency range of 0.01 Hz to
100,000 Hz at the initial potential of working electrode material.

For the EIS measurement of TNA and TNA-GO, the as-prepared samples were
directly served as the working electrodes, with a platinum foil as the counter electrode
and a saturated calomel electrode as the reference electrode. All EIS measurements were
also carried out in 0.5 M Na2SO4 solution by using a three-electrode system on Zennium
electrochemical workstation, with an AC perturbation signal of 5 mV over the frequency
range of 0.01 Hz to 100,000 Hz at the initial potential of working electrode material.
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2.5 Rh.B photodegradation.
The photodegradation of Rh.B was achieved in a quartz vessel under visible
irradiation which was produced by an arc lamp housing (Newport, Xe lamp, 300 W). In
three comparative trails, none of photocatalyst, 10 mg of TiO2 P25 nanoparticles and 10
mg of RG-TiO2 nanocomposite were suspended in 50 mL of Rh.B. solution (30 mg/L).
Before irradiation, the suspensions were stirred in dark for half an hour to obtain the
adsorption desorption equilibrium. Then, the quartz vessel was exposed to the visible
irradiation under ambient conditions. At every certain time interval during the
experiment, about 3 mL of mixed solution was collected and analyzed by UV-vis
spectrophotometer (Cary, 100 Bio) for its residual contaminant concentration. The
concentration of Rh.B solution was determined by its main peak of the adsorption
spectrum at 554 nm. The percentage of degradation is reported as C/C0, where C is the
absorption of dye solution at each irradiated time interval, while C0 is the absorption of
the initial concentration.
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III. RESULTS AND DISCUSSION
3.1 Enhanced Visible Light Photocatalytic Activities of the
Nanocomposites and Its Application in Rhodamine B Degradation
3.1.1

RG-TiO2

Material characterization

In the SEM images (Figure 1a and 1b), the diameter of nanoparticles was found to be
about 10 to 20 nm, which was close to the original size of TiO2 P25, and there was a kind
of sheet-like material covering those TiO2 nanoparticles. The corresponding EDS
spectrum (Figure 2a) shows the availability of Ti, O and C, corresponding to TiO 2
nanoparticles and the sheet-like RG respectively. The TEM images (Figure 1c and 1d)
further revealed the hetero-structure of this RG-TiO2 nanocomposite, showing that TiO2
nanoparticles (the dark area) were wrapped by a sheet-like structure with wrinkles which
is supposed to be RG. The lattice fringes of both TiO2 and graphene were further
evidenced in the high resolution TEM (HRTEM) images (Figure 1e and 1f). Several areas
circled in the Figure 1e with an average lattice size of 0.35nm were attributed to the (101)
plane of the anatase TiO2. Moreover, a smaller lateral size at about 0.21nm was found in
the Figure 1f, which was most likely attributed to the graphene (100) planes, because it’s
obvious that a TiO2 nanoparticle was wrapped by RG sheets in the Figure 1f.
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Figure 1 (a) 100,000 times magnification and (b) 200,000 times magnification Scanning
Electron Microscope (SEM) pictures of RG-TiO2 sample. (c) 30,000 times magnification and (d)
200,000 times magnification Transmission Electron Microscope (SEM) picture of RG-TiO2
sample. (e), (f) High resolution TEM images of RG-TiO2 sample.
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The phase structures of the purchased graphene (GP), commercial TiO2 P25, and selfprepared GO, RG, and RG-TiO2 were characterized by powder XRD analysis (Figure
2b). It can be found that both the GP and RG samples have a strong diffraction peak at 2θ
= 26.5°, which was corresponding to graphene (002) facet. This result proved that the GO
was successfully transferred into RG after the hydrothermal treatment. A (002)
diffraction of GO was observed around 2θ =11 .5° in the pattern of as-prepared GO.
Facets (110), (101), and (111) of the rutile TiO2 and facets (101), (004), (200), (105),
(211), (204), and (116) of the anatase TiO2 were found in both RG-TiO2 and the TiO2
P25, exactly confirming the content of TiO2 P25. However, two facets of TiO2 (101) and
graphene (002) overlapped around 26.5°, making the recognition of them unsuccessful.
Thus, there was no apparent difference between the patterns of RG-TiO2 and TiO2.
Similar results were also confirmed by previous studies43, 46-47, 53. The tiny diffraction
peaks of RG and RG-TiO2, observed around 10 to 15°, may be ascribed to remaining
unreduced GO in them.
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Figure 2(a) EDS analysis and (b) XRD patterns of samples.
The hetero-structure was further evidenced by the Raman spectra of TiO 2, RG and
RG-TiO2. In Figure 3a, four Raman peaks of TiO2 were found at around 144 cm-1, 395
cm-1, 512 cm-1 and 639 cm-1, matching four modes of TiO2 as Eg(1), B1g(1),
A1g+B1g(2) and Eg(2), respectively. For RG-TiO2, the peak intensities of these four
relevant modes were significantly decreased. Meanwhile, the Eg band of the RG-TiO2
nanocomposite showed a blue shift, which was likely ascribed to the interfacial
interaction between RG and TiO2. The existence of the Ti-O-C bonds can make the TiO2
lattice more compressed, and the more energy of phonons are gained by TiO2’s surface,
the more blue shift there would be.43 Figure 3a also shows two typical peaks around 1345
cm-1 and 1580 cm-1, commonly corresponding to the D band of the sp3 defects and the G
band of sp2 plane vibrations in RG and RG-TiO2. Generally, the intensity ratio of D band
and G band (ID/IG) generally represents the ratio of defects in graphene. More details of
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this interested spectrum range was magnified in the Figure 3b. It was found that the
ID/IG of RG was about 1.03, and increased to at about 1.12 in the RG-TiO2. The
increasing of ID/IG can be clearly attributed to the strong interfacial interaction between
RG and TiO2 in the RG-TiO2, changing some of in plane sp2 C=C to the sp3 vibration.
Moreover, a small bulge was observed in both RG and the RG-TiO2 around 2500-3000
cm-1, which can be ascribed to the RG’s 2D band. Since the RG was reduced from GO,
some defects was expected to appear on the surface of RG as GO islands, leading these
2D bands not very obvious.

In the FT-IR analysis (Figure 3c), a broad low frequency absorption from 500 cm-1 to
1000 cm-1 appears in both TiO2 and RG-TiO2 spectra, while not perfectly matched. This
range could be attributed to Ti−O−Ti vibration, and a little fluctuation around 800 cm-1 of
RG-TiO2 sample was likely owing to the vibration of Ti-O-C bond (usually at around 798
cm−1). The absorption peaks around 1000 cm-1 and 1480 cm−1 of GO, RG and RG-TiO2
could be attributed to the vibration of =C-H and conjugated C=C sp2 respectively, which
illustrates that some GO has been successfully conversed into RG. Moreover, the
vibration peaks of -OH (3371 cm-1 and 1630 cm-1) should be attributed to the absorbed
water molecules on materials surface. Actually, a certain amount of functional groups on
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the surface of the original GO can not only offer spots for the TiO2 nanoparticles to attach
on then form Ti-O-C bonds, but these functional groups on the synthesized RG can also
continuously help overcoming strong interactions between individual RG sheets and then
separating well in aqueous solution with GO islands on them.

To provide more detailed understanding towards the binding structures of the RGTiO2, a whole range XPS characterizations of RG-TiO2 (Figure 3d) were carried out, and
the spectra of Ti 2p, O 1s and C 1s core levels were shown in the Figure 3e, 3f and 3g. In
the high resolution Ti 2p spectrum, there were two peaks at bonding energies of 459.5 eV
and 465.7 eV, which can be attributed to Ti 2p3/2 and Ti 2p1/3 of T4+ in TiO2
respectively. In the core level analysis of O 1s, the peaks around 530.5 eV, 531.2 eV and
532.5 eV can be assigned to bulk oxygen (O2-) in TiO2, O in Ti-O-C and in H-O/C-O
covalent bond respectively. Similar results was evidenced in the previous work by
Shuhua Yang et al.54 In the core level analysis of C 1s, the C=C, C-O and C=O evidenced
in the aforementioned FT-IR and Raman spectra, were also confirmed with
corresponding binding energies at 284.8 eV, 286.3 eV and 288.5 eV.54 Among these three
peaks, C=C was the strongest one as shown in Figure 3g, which was certainly different
from the high resolution C 1s spectrum of GO, evidenced by an earlier study of Sanjaya
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D. Perera et al.43 Our XPS results matched the results of FT-IR and Raman pretty well,
and further proved that the hydrothermal treatment did convert some GO into RG and
there were strong interfacial interaction Ti-O-C between TiO2 and RG in the RG-TiO2
nanocomposite. Moreover, no C-Ti bond at around 282 eV (C 1s) was observed, and it
revealed that no carbon has doped into the lattice of TiO255 and the interfacial interaction
between TiO2 and RG can only be strengthened by the existence of Ti-O-C bond.

DSC and TGA results of RG and the RG-TiO2 further support the existing of Ti-O-C
bond (Figure 3h and 3i). The experiments were carried out in air atmosphere from room
temperature to 1100 °C, with a heating rate of 10 °C per minute. Shown by the TGA of
RG and RG-TiO2, supported by the heat absorption peaks in their DSC curves, a great
mass loss (~10%) appeared at around 100°C corresponding to water evaporation. This
was followed by a gradual mass loss in both RG and RG-TiO2. After 550 °C, the mass of
the RG-TiO2 sharply dropped again, which was mostly likely attributed to RG’s burningout, evidenced by the strong heat release valleys in its DSC curve. In comparison, the
burning-out temperature of RG by itself was around 400°C. The thermal stability
improvement of the RG in RG-TiO2 nanocomposite was significant. To the best
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knowledge, the existing strong Ti-O-C bond could be responsible for this significant
improvement

Figure 3 (a) Overall and (b) detailed Raman spectra, and (c) FT-IR spectra of TiO2, RG-TiO2
and RG. XPS survey spectrum of (d) RG-TiO2, (e) Ti 2p, (f) O 1s and (g) C 1s. Heat flow and
weight loss curves of (h) RG-TiO2 and (i) RG in air atmosphere from room temperature to
1100 °C, with a heating rate of 10 °C per minute.

3.1.2

Photocatalytic activity and mechanism

3.1.2.1 Improved charge carriers’ migration
The charge carriers’ migration behavior of the RG-TiO2 nanocomposite was explored
by measuring electrochemical impedance spectrum (EIS), with TiO2 P25 as blank
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reference. As shown in –Nyquist plots of TiO2 and RG-TiO2 (Figure 4a), at a high
frequencies range which was closer to the origin, both TiO2 and RG-TiO2 gave out a
shape of quadrant, and the radius of TiO2’s quadrant was clearly larger than the one of
the RG-TiO2’s. The radii of the quadrants can reflect charge transfer resistance and the
material with the larger radius is supposed to have relatively larger resistance. It can be
expected that the existence of RG on the surface of RG-TiO2 nanocomposite helped TiO2
reduce the charge transfer resistance across the solid-liquid junction. This result can be
assigned to the fact that RG is more conductive than TiO2. Since the concentration of
charge carriers in semiconductors are always a lot lower than metals and even lower than
electrolyte solution, most of the voltage applies to the semiconductors themselves rather
than to the solid-liquid surface, and consequently, some of the charges in electrolyte
solution cannot be balanced. This means the charge carriers’ migration in the
semiconductors can finally determine the charge transfer kinetics and rate. The reduced
charge transfer resistance of the RG-TiO2 over TiO2 are expected to help transferring
electrons and holes between nanocomposite and electrolyte solution, enhancing the
separation of photogenerated electrons and holes, and subsequently prolonging the
lifetime of photogenerated electrons and holes.
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3.1.2.2 Visible light absorption
The UV-vis diffuse reflectance spectra (DRS) and the corresponding relationship
between (Ahν)1/2 and hν were performed to examine the photocatalytic activities of TiO2
and the RG-TiO2. As shown in the Figure 4b, both TiO2 and RG-TiO2 had photoresponses to UV and visible light. However, in the whole range of visible light, the light
absorption of RG-TiO2 was always better than TiO2 P25 alone. Since only about 3–5% of
sunlight is in UV range, the enhanced visible light absorption was supposed to use
sunlight more effectively and then improve the photocatalystic properties of TiO2.

Moreover, since TiO2 has a direct band gap, the optical absorption near the band edge
follows the Kubelka-Munk function56:

hν = A(hν-Eg)1/2,

in which h represents Planck constant, ν represents the light frequency, Eg represents
the band gap and A is a constant. Hence, after a series of formula transformations, the
band gap of TiO2 and RG-TiO2 determined by the Kubelka-Munk equation (Figure 4c)
was about 3.1 eV and 2.6 eV, respectively. Obviously, the band gap of RG-TiO2 was
significantly narrowed down compared to TiO2 P25 itself. Similar results were also found
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by other groups.57 By having narrower band gap, compared to TiO2, the photo-response
range of RG-TiO2 nanocomposites clearly changed from UV (~ 390 nm) to visible light
(~ 480 nm), which also offers a potential utilization of visible light.

The narrowed-down band gap of RG-TiO2 nanocomposite was most likely attributed
to the Ti-O-C bond between TiO2 nanoparticles and RG sheets, which causes an intimate
interaction, similar to the carbon-doped TiO2 composites.44, 54-55, 57d, 58 Since when TiO2 is
activated, the electrons from its valence band (VB) will travel through the band gap to its
conduction band (CB), and the mobility of electron carriers could be limited if there is a
potential barrier between two TiO2 nanoparticles. Thus, if TiO2 nanoparticles and RG
sheets were chemically coupled, the orbital of C atom could influence the molecular
orbital of TiO2, and the bottom of nanocomposite’s CB could be lower than that of TiO2
nanoparticles. Moreover, the π-conjugation structure of RG sheets could also reduce the
potential barriers between TiO2 nanoparticles. By decreasing the potential barriers, the
interfacial electron-transferring and electron-holes’ separation can be then efficiently
facilitated.
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In addition, an up-conversion photoluminescence (UCPL) effect of RG may also
provide a synergic explanation to this improvement of light absorption. According to
published studies, UCPL is a phenomenon that the photon energy of emission is higher
than that of excitation, which has been widely reported with solid-state materials doped
with rare-earth elements, semiconductors with hetero-structures, quantum dots, etc.59
Recently, normal PL as well as UCPL features of carbon quantum dots, graphene
quantum dots and graphene oxide quantum dots have been well characterized.60
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By

mentioning RG quantum dots, it does not only refer to the actual dots with size smaller
than 10 nm, but also the graphene sheets with graphene oxide quantum islands on it.62 In
this study, from the results of FT-IR, Raman and XPS, it can be found that a small
amount of oxygen groups do exist on the surface of RG-TiO2 nanocomposite. Therefore,
this nanocomposite can be seen as a RG quantum structure material. In the PL spectra of
RG-TiO2 (Figure 4d), though the intensity of those emission peaks was not extremely
high, it can be found that when the nanocomposite was excited using a 450 nm light (~
2.6 eV), the emission peak appeared at around 3.1 eV (390 nm), which was exactly
corresponding to the DRS result. The reason why the intensity of 3.1 eV peak was so
weak may be due to its being absorbed and utilized by TiO2 nanoparticles. The
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mechanism of RG-TiO2 nanocomposite’s UCPL was schemed in the Figure 5a.
Normally, the visible light with wavelength larger than 420 nm is not be able to be used
by TiO2 materials alone (The absorbable light wavelength limitation of the rutile TiO2 is
414 nm, while the one of the anatase TiO2 is 388 nm60b). However, the visible light
within this range can excite RG quantum material and transfer a light with wavelength of
450 nm to 390 nm by an UCPL effect, which is then able to be utilized by TiO2. Thus, the
absorbable light wavelength limitation is accordingly changed.

Figure 4 (a) -Nyquist plots of the TiO2 and RG-TiO2 samples. (b) UV-vis DRS and (c)
relationship between (Ahν)0.5 and hν. (d) PL spectra of RG-TiO2 nanocomposite at different
excitation wavelengths. (e) Photodegradation of Rh.B, where C0 is the initial concentration of
Rh.B and C is the concentration of Rh.B after irradiation of the sample in the corresponding time
interval. (f) Images of Rh.B degradation states: from initial solutions to the solutions after 40 min.
The photos were taken without centrifugation.
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3.1.2.3 Enhanced degradation of Rh.B
The photo-catalytic performance of as-prepared RG-TiO2 nanocomposite was then
investigated by evaluating the photodegradation of Rh.B (Xe light source, room
temperature, ambient pressure). From the images of the Rh.B degradation results (Figure
4f) in three different situations: Rh.B solution without any photo-catalyst, Rh.B solution
with TiO2 P25 and Rh.B solution with RG-TiO2 nanocomposite, it was revealed that
Rh.B itself did not photodegraded at all, and the photodegradation result of Rh.B with
TiO2 P25 was not as good as it with RG-TiO2. This rough results were further proved by
the UV-vis absorption measurements (Figure 4e). In the RG-TiO2 aided case, the
characteristic peak of Rh.B at 554 nm decayed rapidly and nearly completely disappeared
after 40 min. In comparison, with TiO2 P25 nanoparticles as the photocatalyst, after 40
min of light exposure, there was still 20% of the Rh.B in the solution. Since the rate of
Rh.B photodegradation with catalysts agrees well with the pseudo-1st-order kinetics, an
integrated rate equation is suggested as: ln(C0/Ct) = kt, where C0 and Ct are initial
concentration and the concentration of Rh.B at time t, and k is the apparent degradation
rate constant.47 Thus, based on the data in Figure 4e, the calculated rate constants of the
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TiO2 P25 and RG−TiO2 were 0.0255 and 0.0602 min−1 respectively. That is to say, the
RG-junction on TiO2 promoted the reaction rate by around 3 times.

Considering that Rh.B can be stimulated by visible light towards its excited state
(Rh.B*) and give out electrons, why not the blank sample degrade at all after 40 min
visible light exposure? There were likely two clues underling this phenomenon. Firstly,
the absorbed oxidizing agents on Rh.B (such as dissolved oxygen) was very limited,
resulting in inefficient giving-out of the photogenerated electrons from Rh.B. Secondly,
the lifetime of the Rh.B* can be very short63, and it can recombine with photogenerated
electrons very quickly and form the Rh.B molecules again. Thus, though some Rh.B
molecules can be surely excited by visible light, not very much difference can finally
happen.

Another interesting thing needs to be pointed out is that, actually, the BET surface
area of TiO2 P25 was measured as 49.1856 m²/g while the one of RG-TiO2 was 31.5453
m²/g. The decreased BET surface area of the RG-TiO2 nanocomposite may be according
to the clustering of TiO2 nanoparticles in the RG-TiO2 nanocomposite covered by RG
sheets. Thus, according to this results, the improved photocatalytic activity of RG-TiO2
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nanocomposite over TiO2 nanoparticles cannot be straightforwardly relevant to their
surface area, but should be relevant to the improved conductivity and band gap structure.

Overall, the mechanism of the enhanced photodegradation of Rh.B with RG-TiO2 as
the photocatalyst can be schemed in three aspects: 1) dye molecules were attached to RG
sheets and excited (Figure 5b); 2) dye molecules were attached to TiO2 nanoparticles and
excited (Figure 5c); 3) dye molecules were attached to TiO2 nanoparticles and TiO2
nanoparticles were excited (Figure 5d).

In the situation of aspect 1, when a Rh.B molecule is stimulated, the electrons in its
highest occupied molecular orbital (HOMO) will jump to its lowest unoccupied
molecular orbital (LUMO). Meanwhile, since the LUMO of RG is lower than Rh.B and
the conductivity of RG is superb (charge-carrier mobility = 250 000 cm2V−1s−1 at room
temperature26), RG sheets here can act as electron traps and the photogenerated electrons
from Rh.B can be transferred to the RG sheets. The trapped electrons on RG sheets can
then react with the dissolved oxygen to form reactive oxygen species.64 The main
reactions are shown below.

Rh.B + hν → Rh.B* + e−
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RG + e− → RG (e−)

RG (e−) + O2 → RG + O2−

In the situation of aspect 2, the attached Rh.B molecules on TiO2 nanoparticles are
excited by visible light. The mechanism is kind of similar to in the anodic reaction of the
DSSC45. To be specific, the photosensitized dye molecules absorb sunlight and create a
high energy state, from which a photo-excited electron is injected into the CB of TiO2.65
Because of the two-dimensional π-conjugation structure on RG sheets which is working
as an electron acceptor, the photoexcited electrons is quickly transferred from the CB of
TiO2 to RG.47 The main reactions are shown below.

Rh.B + hν → Rh.B* + e−

TiO2 + e− → TiO2 (e−)

TiO2 (e−) + RG → TiO2 + RG (e−)

RG (e−) + O2 → RG + O2−

Finally comes the aspect 3. As discussed above, the RG-TiO2 nanocomposite has an
obvious red shift in light absorption, therefore it can use visible light much better than
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unaccompanied TiO2 nanoparticles. When TiO2 nanoparticles are stimulated, the
electrons in the VB of TiO2 can jump into its CB and the photogenerated electron−hole
pairs are then formed. From previous study, RG has a near-zero band gap66 and a large
work function (~ 4.5 eV)67, while the CB of TiO2 is about ca. −4.21 eV67b, 68. Thus,
Schottky junctions are formed between TiO2 nanoparticles and RG sheets, which may
lead to efficient charges’ separation by transferring photogenerated electrons from TiO2
to RG sheets.67b By having this Schottky junction, the rate of recombination of the
photogenerated electron-hole pairs decreases significantly, which consequently enhances
the photocatalytic activity. Then, the electrons on the surface of RG are then trapped by
the adsorbed molecular oxygen to produce superoxide anion (·O2−) radicals.46 The
mechanism of dye degradation then mainly follows two routes47: the holes on the VB of
TiO2 can directly oxidize Rh.B molecules to their excited states, and the photogenerated
holes on the VB of TiO2 can also transfer hydroxyl radicals into hydroxyl groups, which
then degrade dye molecules and then become hydroxyl radicals again. The main reactions
are shown below.

TiO2 + hν → TiO2 (h+) + e−

40

e− + RG → RG (e−)

RG (e−) + O2→ RG + O2−

TiO2 (h+) + H2O/OH− → TiO2 +·OH

·OH + Rh.B → Rh.B* + H2O/OH–

Or,

TiO2 (h+) + Rh.B → Rh.B* + TiO2

Among these three pathways to photodegrade Rh.B, the last way, where Rh.B
molecules are attached to TiO2 and TiO2 nanoparticle works as the electron-hole pairs
generator, should most likely be the major way during whole process.
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Figure 5 Schematic of (a) UCPL mechanism for RG-TiO2 nanocomposite under visible light
(hν ~ 2.6 eV) irradiation, and schematics of proposed mechanism of Rh.B photodegradation: (b)
dye molecules are attached to RG sheets and excited; (c) dye molecules are attached to TiO 2
nanoparticles and excited; (d) dye molecules are attached to TiO2 nanoparticles and TiO2
nanoparticles are excited.

3.1.3

Conclusion

In this study, we prepared a RG-TiO2 nanocomposite using a simple hydrothermal
method starting from the commercial TiO2 P25 and the liquid exfoliated GO. The
multiple characterizations of this nanocomposite confirmed that GO was successfully
transferred into RG, and the Ti-O-C band was formed in the interface between TiO2
nanoparticle and RG sheets. With these benefits, as prepared RG-TiO2 nanocomposite
exhibits a narrower band gap (2.6 eV) contrasting to TiO2 P25 (3.1 eV), leading a greatly
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improved photocatalytic efficiency compared to TiO2 P25 in the photodegradation of
Rh.B dye. The excellent enhancing effect of RG sheets on the photocatalytic properties
was identified to an association with prompt injection of photogenerated electrons from
the CB of TiO2 into RG, better separation of photogenerated electron-hole pairs, and the
likelihood of the UCPL effect provided by RG quantum structure. This study also
suggested the possibility of visible light photodegradation applications by forming the
heterojunction structure of metal oxide semiconductors and RG.

3.2 Hydrothermal Temperature Influence on RG-TiO2 Nanocomposites Synthesis
and Photocatalytic Activities.
3.2.1

Material characterization

The phase structures of the self-prepared GO, RG, and RG-TiO2 series were analyzed
by powder XRD patterns (Figure 6a and 6b). The comparison of the patterns of GO, RG
and RG-TiO2 synthesized at 120 ℃ was firstly given by Figure 1a. While RG had a
strong diffraction peak at 2θ = 26.5°, corresponding to graphene (002) facet, a (002)
diffraction of GO was observed around 2θ =11 .5°. This result proved that GO can be
successfully transferred into RG by this hydrothermal treatment. Facets (110), (101), and
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(111) of the rutile TiO2 and facets (101), (004), (200), (105), (211), (204), and (116) of
the anatase TiO2 were found in RG-TiO2 sample, which confirmed the content of TiO2
P25 in RG-TiO2 nanocomposite. Since the facets of TiO2 (101) and RG (002) overlapped
at around 26.5°, the diffraction peak at 2θ = 26.5° of RG-TiO2 may be possibly
corresponding to either a facet of RG or TiO2. This kind of result was also confirmed by
other research works.
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In the meantime, there showed no difference among the

phase structures of RG-TiO2 nanocomposites synthesized at different temperatures. As an
example, two XRD patterns of the RG-TiO2 series with the biggest hydrothermal
temperature difference, 60℃and 210℃, were shown in Figure 1b. This consequence
illustrated that the changing of hydrothermal temperature would not affect the crystal
structure of RG-TiO2 nanocomposite in the end.

The FT-IR spectra of the RG-TiO2 nanocomposites series and the SRT sample as a
control group were all show Figure 6c. From 500 cm-1 to 1000 cm-1 in these spectra, a Ti
−O−Ti vibration was clearly found, which were attributed to the TiO2 nanoparticles in
these composites. The little fluctuations around 800 cm-1 of RG-TiO2 series should be
likely owing to the vibration of Ti-O-C bond (usually at around 798 cm-1) which
confirmed the formation of chemical bond between the RG nanosheets and TiO2
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nanoparticles. However, due to the large range of Ti−O−Ti vibration, the vibration of TiO-C can be hard to distinguish. Moreover, the absorption peaks around 1600 cm−1, 1350
cm-1, 1200 cm-1 and 1000 cm-1 were found in all RG-TiO2 nanocomposites except for
SRT, which could be attributed to the vibration of conjugated C=C sp2, tertiary C–OH
group, epoxy C-O group and =C-H group stretching in the samples respectively. Similar
functional groups were also found by other research studies.53b, 54, 57c, 58 Compared to
SRT, the intensities of the peaks corresponding to conjugated C=C were greatly
enhanced, indicating that after the hydrothermal treatment GO had successfully
transferred into RG and the mechanical stirring could not finish this job. Meanwhile, the
broad peak at around 3400 cm-1 for all samples, as circled out in Figure 6c, may indicate
the presence of absorbed water and possible C-OH groups on samples’ surface, which
would help RG-TiO2 nanocomposites overcoming the strong interactions between
individual RG sheets and separating well in water. Not very much difference was
indicated among the samples with different hydrothermal synthesizing temperatures.
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Figure 6 (a) XRD patterns of RG, GO and RG-TiO2 synthesized at 120 ℃. (b) XRD
patterns of RG-TiO2 nanocomposites synthesized at 60 ℃ and 210 ℃. (c) FT-IR spectra
of the RG-TiO2 series.
The heterostructures of the RG-TiO2 series was further investigated by comparing
their Raman spectra. In Figure 7a, four peaks of TiO2 at around 144 cm-1, 395 cm-1, 512
cm-1 and 639 cm-1 could be found in all these samples, matching four modes of TiO2 as
Eg(1), B1g(1), A1g+B1g(2) and Eg(2) respectively, while the peaks at 144 cm-1 being the
highest. Since the existence of the Ti-O-C bonds can make the TiO2 lattice more
compressed, the extra energy of phonons gained by TiO2’s surface will give the Eg band
a blue shift.43 According to Figure 7a, it can be found that the peaks of the RG-TiO2
series at 144 cm-1 were showing an increasing blue shift along with the raising of
hydrothermal temperature and all these synthesized nanocomposites gave a slightly
bigger blue shift than the SRT sample did. This difference illustrated that Ti-O-C bonds
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were likely formed after hydrothermal treatments and the interfacial interaction between
RG and TiO2 was enhanced while the hydrothermal temperature getting higher.
Meanwhile, the detailed typical peaks at around 1345 cm-1 and 1580 cm-1 of RG-TiO2
nanocomposite series, commonly corresponding to the D band of the sp3 defects and the
G band of sp2 plane vibrations in graphene, were shown in Figure 7b. Generally, the
intensity ratio of D band and G band (ID/IG) generally represents the ratio of defects in
graphene. The ID/IG of SRT was about 1.6 and, the ID/IG of RG-TiO2 hydrothermal
synthesizing series from 60 °C to 210 °C were about 1.5, 1.33, 1.25, 1.28 and 1.22. The
decreasing of ID/IG can be clearly attributed to the improvement of the transforming
from GO to RG along hydrothermal syntheses. Higher hydrothermal temperature tended
to give better reducing effects during the 60 °C to 120 °C range and this improvement
seemed stopped going further after 120 °C.

DSC and TGA were also carried out to further confirm the chemical bonding of RGTiO2 nanocomposite (Figure 7c and 7d). The experiments were carried out in air
atmosphere from room temperature to 1000 °C, with a heating rate of 10 °C per minute.
In Figure 7c, the peaks of the curves indicated the heat absorbing processes while the
valleys indicating the heating absorbing processes. A heat releasing peak at around 300
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°C to 400 °C can be found in all of the curves except for the SRT sample and the peaks
were getting sharper and drifting to higher temperature while the hydrothermal
synthesizing temperature increasing. This heat absorbing process should be attributed to
the energy need by breaking the interfacial Ti-O-C bonds between TiO2 nanoparticles and
RG nanosheets. The DSC results indicated that the higher the hydrothermal synthesizing
temperature is, the more Ti-O-C bonds were formed. These outcomes were also
supported by the TGA curves of RG-TiO2 series. In Figure 7d, the mass loss at around
100 °C and 400 °C were most likely corresponding to water’s evaporation and RG’s
burning-out in these nanocomposites. It can be found that the temperature at which RG
started to burn out was getting higher while the hydrothermal synthesizing temperature
increasing, which indicating the thermal stability improvement of RG-TiO2
nanocomposite.
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Figure 7(a) Overall and (b) detailed Raman spectra of the RG-TiO2 series. (c) Heat
flow and (d) weight loss curves of the RG-TiO2 series.
To investigate the degree of reduction of GO and the Ti-O-C interfacial chemical
bond of RG-TiO2 nanocomposite series, XPS characterizations were further carried out
(Figure 8) and the high-resolution spectra of C 1s and O 1s were shown as Figure 8a and
8b. Since not very much difference of whole survey and Ti 2p core level spectra of RGTiO2 nanocomposite series was noticed, only the whole survey and Ti 2p core level
spectra of the 120 °C one was shown in Figure 8c and 8d, as a representative. As shown
in Figure 3d, the RG–TiO2 nanocomposites exhibited the Ti 2p, O 1s and C 1s peaks at
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around their corresponding binding energies, as 458 eV, 531 eV and 284.5 eV. According
to the high-resolution Ti 2p spectra (Figure 8c), Ti 2p3/2 and Ti 2p1/3 spin orbits were
detected with binding energies of 459.5 eV and 465.7 eV respectively. The spin-energy
separation of 5.7 eV (Ti4+ chemical state) was mentioned as the characteristic of a TiO2
phase previously.53b In the core level analysis of C 1s of RG-TiO2 nanocomposite series
(Figure 8a), three peaks were finally got in each spectrum, as C=C, C-O and C=O which
were proved by FT-IR and Raman, with corresponding binding energies at around 284.8
eV, 286.3 eV and 288 eV.54 In the O 1s spectrum of SRT, the C=C peak was lower than
the one of C-O. This can be clearly ascribed to the fact that the stirring process cannot
reduce GO into RG. Compared to SRT, the C=C peaks were always the highest in all
other C 1s spectra of RG-TiO2 nanocomposites. It can be investigated that, with
hydrothermal temperature going up, the C=C peaks were getting higher while the C-O
and C=O peaks were getting lower relatively and, this trend stopped after 150 °C. Thus,
the hydrothermal temperature was affecting the GO reduction and higher temperature
tended to give better results, but a higher temperature than 150 °C could not give a
further help.
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Meanwhile, in the core level analysis of O 1s of RG-TiO2 nanocomposite series
(Figure 8b), the spectra were showing great difference among different samples, despite
that three peaks around 530.5 eV, 531.2 eV and 532.7 eV could be found in most of
them, corresponding to bulk oxygen (O2-) in TiO2, O in Ti-O-C interfacial chemical bond
and in H-O/C-O covalent bond respectively, supported by previous work of Shuhua Yang
et al.54 Compared to the nanocomposites synthesized by hydrothermal treatment, Ti-O-C
and H-O/C-O covalent bond can be hardly noticed in SRT. This may happen if the
amount of TiO2 is much more than GO and the intensity of O2- in TiO2 is far higher than
the one of O in Ti-O-C and H-O/C-O. Among the hydrothermal treated samples, while
the temperature going up, two things happened: first, the banding energy of Ti-O was
tending to be higher; second, the ratio of Ti-O-C bond was tending to be larger. Hence, it
can be found that higher temperature was helping forming more interfacial Ti-O-C bonds
in RG-TiO2 nanocomposites, as well as the lattice banding energy of TiO2 was also
tending to grow while increasing hydrothermal temperature. These XPS results matched
the analysis of FT-IR, Raman, DSC and TGA mentioned above pretty well.
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Figure 8 The high-resolution C 1s (a), O 1s (b) and Ti 2p (c) XPS spectra of RG-TiO2
nanocomposite series. (d) XPS survey spectrum of RG-TiO2 nanocomposite synthesized
under 120 °C.
The morphology of the RG-TiO2 nanocomposite series were further observed with
SEM and TEM (Figure 9a to 9p). In all of these images, the diameter of the nanoparticles
in the electron microscope images were about 10 to 20 nm and these particles were
covered by sheet-like RG. As shown in Figure 9a and 9b, after 34 h of stir, the TiO 2
nanoparticles were still not wrapped by RG nanosheets very well and all individual
particles could be noticed separately. In comparison, after a 24 h of 60 °C hydrothermal
treatment, TiO2 nanoparticles and RG nanosheets were found to be combined together
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closely (Figure 9c and 9d). This combination were also found in the RG-TiO2
nanocomposites synthesized at 90 °C (Figure 9e and 9f), 120 °C (Figure 9g and 9h), 150
°C (Figure 9i and 9j), 180 °C (Figure 9k and 9l) and 210 °C (Figure 9m and 9n).
However, it was also observed that the nanocomposites were getting aggregated after 120
°C and this aggregation was getting severer while the hydrothermal temperature
increasing. Meanwhile, the lattice fringes of both TiO2 and graphene were further
detected in the high resolution TEM (HRTEM) images (Figure 9o and 9p). In the
HRTEM images of RG-TiO2 nanocomposite synthesized at 120 °C, several areas with an
average lattice size of 0.35 nm in the Figure 4o should be attributed to the (101) plane of
the anatase TiO2 and, the area with lattice size of about 0.21 nm in Figure 9p was clearly
a sheet-like material and attributed to the graphene (100) planes of RG.
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Figure 9 20,000 times magnification SEM images of (a) SRT sample and RG-TiO2
nanocomposites synthesized at (c) 60 °C, (e) 90 °C, (g) 120 °C, (i) 150 °C, (k) 180 °C and (m)
210 °C. 50,000 times magnification TEM images of (b) SRT sample and RG-TiO2
nanocomposites synthesized at (d) 60 °C, (f) 90 °C, (h) 120 °C, (j) 150 °C, (l) 180 °C and (n)
210 °C. (o), (p) HRTEM images of RG-TiO2 nanocomposite synthesized at 120 °C.
3.2.2

Photocatalytic activity and mechanism

3.2.2.1 Visible light absorption
The UV-vis DRS and the corresponding relationship between (F(R)hν)1/2 and hν were
performed to examine the photocatalytic activities of the RG-TiO2 nanocomposite series.
As shown in the Figure 10a, all of the RG-TiO2 series samples had photo-responses to
UV and visible light and the light absorption of RG-TiO2 nanocomposite was almost
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always getting better while the hydrothermal temperature getting higher. After a series of
formula transformations, the band gaps of the RG-TiO2 nanocomposite series was found
out within a range from 2.5 eV to 3.0 eV (Figure 10b). Compared to TiO 2 P25 itself, the
band gaps of all RG-TiO2 nanocomposites were obviously narrowed down. Similar
results were also found by other studies.57 Moreover, along with the growing of
hydrothermal synthesizing temperature, the band gaps of RG-TiO2 nanocomposites were
likely to keep getting narrower. By having narrowed-down band gaps, the RG-TiO2
nanocomposites are able to have much improved utilization of visible light, which is the
most part of sunlight.

Similar to the carbon-doped TiO2 composites, the previously proved Ti-O-C bonds of
RG-TiO2 nanocomposites between TiO2 nanoparticles and RG nanosheets are able to
cause an intimate interaction and decrease the band gap.44, 54-55, 57d, 58 First of all, if TiO2
nanoparticles and RG sheets are chemically coupled, the orbital of C atom could
influence the molecular orbital of TiO2, and the bottom of nanocomposite’s conduct band
could be lower than that of TiO2 nanoparticles. Moreover, it is known that, like gold,
graphene has a high work function, which can let electrons transfer more easily and fast
from the conduct band of TiO2.69 Meanwhile, the excellent conductivity of the two
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dimensional π-conjugation structure of RG nanosheets will also speed up the transferring
of the photogenerated electrons in TiO2 nanoparticles and separate them with the
photogeneratated holes. Thus, the lifetime of electron-hole pairs are greatly prolonged.

Figure 10 (a) UV-vis DRS and (b) relationship between (F(R)hν)1/2 and hν. (c) UV-Vis
mesurements of Rh.B photodegradation, where C0 is the initial concentration of Rh.B and C is the
concentration of Rh.B after irradiation of the sample in the corresponding time interval. (d) Real
images of Rh.B photodegradation results after 45 min of Xe lamp exposure. (e) Mechanism of
RG-TiO2 assisted Rh.B photodegradation.

3.2.2.2 Enhanced degradation of Rh.B
Here, Rh.B was selected as a model organic pollutant to evaluate the photocatalytic
performance of this RG-TiO2 nanocomposite series (Xe light source, room temperature,
ambient pressure). The photodegradation results were shown in Figure 10c and 10d.
From the reals results images (Figure 10d), it can be found that after 45 min of visible
light exposure, the color of Rh.B blank solution (without any catalyst) did not change
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while the Rh.B solution with RG-TiO2 nanocomposite synthesized at 120 °C being
colorless. The color of any other Rh.B solution with TiO2 nanoparticles or other RG-TiO2
nanocomposites in was differently reduced. Meanwhile, these rough results were further
supported by the visible light absorption measurements (Figure 10c). From Figure 10c,
hardly any change of the concentration of Rh.B in the blank solution could be noticed. In
contrast, as the fastest, in the solution with RG-TiO2 nanocomposite synthesized at 120
°C in, the characteristic peak of Rh.B at 554 nm decayed rapidly and completely
disappeared after about 45 min. In comparison, after 45 min of visible light exposure, the
remained Rh.B concentration ratio were about 40%, 38%, 12%, 7%, 5%, 10% and 10%
corresponding to the sample SRT, TiO2, 60 °C, 90 °C, 150 °C, 180 °C and 210 °C. Due
to the integrated rate equation: ln(C0/Ct) = kt, where C0 and Ct are initial concentration
and the concentration of Rh.B at time t, and k is the apparent degradation rate constant 47,
the calculated rate constants of the TiO2, SRT and RG−TiO2 nanocomposite series from
60 °C to 210 °C were about 0.059 min−1, 0.056 min−1, 0.167 min−1, 0.278 min−1, 0.333
min−1, 0.250 min−1, 0.162 min−1 and 0.165 min−1 respectively.

The reason why SRT was less effective than TiO2 nanoparticle itself could be that RG
is less efficient than TiO2 while photodegrading Rh.B and the physical combination could
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not successfully support the transferring of photogenerated electrons from TiO2 to RG.
The reasons why the RG-TiO2 nanocomposite hydrothermally synthesized at 120 °C gave
the best performance could be: First, it was previously proved that the increasing of
hydrothermal temperature could contribute to the forming of Ti-O-C bond between TiO2
nanoparticles and RG nanosheets and this chemical bond did help enhancing the
photodegradation. On the other hand, the SEM and TEM images indicated that the
nanocomposites were getting aggregated after 120 °C and this aggregation was getting
severer while the hydrothermal temperature increasing, which would certainly decrease
the surface area and influence the dye absorption. Thus, though the RG-TiO2
nanocomposite synthesized at the temperature higher than 120 °C did contain more Ti-OC bonds and have narrower band gap, worse dye absorption made them less effective
than the one synthesized at 120 °C.
3.2.3

Conclusion

In this study, we prepared a RG-TiO2 nanocomposite series using a simple
hydrothermal method at different temperatures starting from the commercial TiO2 P25
and the liquid exfoliated GO. The multiple characterizations of this nanocomposite
confirmed that GO was successfully transferred into RG, and the Ti-O-C band was
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formed in the interface between TiO2 nanoparticle and RG sheets. As prepared RG-TiO2
nanocomposite exhibit band gaps falling in the range from 2.5 eV to 3.0 eV and the band
gap tended to get narrower while the hydrothermal temperature increasing. The RG-TiO2
nanocomposite synthesized at 120 °C gave the best performance on photodegrading
Rh.B, which may be owing to a better Ti-O-C bond formation and less aggregation.

3.3 Langmuir-Blodgett Assembly of Visible Light Responsive TNA-GO Heterostructure
3.3.1

Material characterization

The surface morphology, structure and consistence of TNA and TNA-GO samples
were observed with SEM, TEM and EDS (Figure 11). From figure 1a, which shows the
SEM image of TNA from top view, highly ordered TNA grown on a Ti substrate were
observed. It can be easily found that the nanotubes formed in TNA were uniformly
distributed and about the same size, with approximate wide tube diameter of 120 nm. The
surface of TNA was pretty smooth. Meanwhile, the SEM images of TNA from side view
were shown in Figure 11c and 11d. From the side-view images, notably, the length of
nanotubes in TNA can be easily determined as about 20 μm (medium tubes70). More
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detailed information regarding structural features were displayed in TEM images of TNA
(Figure 11e and 11f). TEM images further confirmed that the diameter of the nanotubes
in TNA was about 120 nm with wall thickness of about 20 nm.

Compared to the top-view SEM image of TNA in Figure 11a, Figure 11b showed the
SEM image that confirmed the formation of TNA-GO. It can be seen from Figure 1b that,
after LB assembly, TNA has been successfully covered by GO nanosheets. The chemical
composition of the TNA and TNA-GO were both determined by EDS experiments
(Figure 11g and 11h), which demonstrated that the as-prepared TNA samples contained
elements Ti and O while TNA-GO containing Ti, O and C. This EDS results also
confirmed the GO assembly on TNA surface.
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Figure 11 50,000 times magnification SEM images from top view of (a) TNA and (b) TNAGO. (c) 5,000 and (d) 10,000 times magnification SEM images of TNA from side view. (e)
10,000 and (f) 100,000 times magnification TEM images of TNA. EDS analysis of (g) TNA and
(h) TNA-GO.
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The phase structures of TNA and TNA-GO were analyzed by powder XRD patterns
(Figure 12a). Facets (101), (004), (200), (105), (211), (204), (116), (220), (215) and (303)
of the anatase TiO2 were found in both TNA and TNA-GO samples (JCPDS No. 99-1010957) at 25.33°, 37.83°, 48.08°, 53.93°, 55.11°, 62.74°, 68.82°, 70.35°, 75.12° and
82.76°, respectively. The peak at 2θ values of 40.2°, circled out in Figure 2a, matched the
(101) crystal plane of Ti metal phase (JCPDS No. 99-101-0388), which were brought in
by Ti substrate. Compared with TNA pattern, one more broad peak at around 2θ =11 .5°
showed up in TNA-GO pattern. This peak should be corresponding to a (002) facet
diffraction of GO, which verified the existence of GO in TNA-GO sample.

The consistence of TNA and TNA-GO were further investigated by Raman spectra
(Figure 12b). In Figure 12b, four peaks were observed in TNA curve at around 144 cm -1,
395 cm-1, 512 cm-1 and 639 cm-1, matching four modes of TiO2 as Eg(1), B1g(1),
A1g+B1g(2) and Eg(2) respectively, while the peaks at 144 cm-1 being the highest. These
four peaks can also be seen in TNA-GO curve, but the intensity of the peaks were largely
reduced. This decreased intensity was likely owing to the fact that TNA was covered by
GO nanosheets and Raman testing could only reflect the information on materials’
surface due to its surface-enhanced scattering mechanism71. Meanwhile, the typical peaks
62

at around 1345 cm-1 and 1580 cm-1 of GO were found in TNA-GO, commonly
corresponding to the D band of the sp3 defects and the G band of sp2 plane vibrations.
Generally, the intensity ratio of D band and G band (ID/IG) represents the ratio of defects
in graphene. With an ID/IG value of 2.1, the GO on TNA-GO’s surface was found to be
well oxidized from graphite.

Figure 12(a) XRD patterns and (b) Raman spectra of TNA and TNA-GO.
XPS characterizations were further carried out to investigate TNA and TNA-GO
(Figure 13). The whole XPS survey of TNA and TNA-GO was shown as Figure 13a,
while the high-resolution spectra of C 1s and O 1s as Figure 3b and 3c. In Figure 3a, C 1s,
Ti 2p and O 1s peaks at around their corresponding binding energies, as 284.5 eV, 458
eV and 531 eV were exhibited. It can be easily learned from the curves that the intensity
of Ti 2p and O 1s peaks in TNA and TNA-GO were about the same, while the C 1s peak
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intensity of TNA being greatly smaller than the one of TNA-GO. Technically, no C 1s
peak should show up in TNA XPS survey. This small C 1s peak of TNA was most likely
due to the residual ethylene glycol on its surface which was not totally washed out after
anodization synthesis. To have a closer look on the C 1s core level analysis of TNA and
TNA-GO (Figure 13b), three peaks as C=C, C-O and C=O with corresponding binding
energies at around 284.8 eV, 286.3 eV and 288.2 eV54 were observed in TNA-GO, while
only two peaks as C-C (284.6 eV)14g, 72 and C-OH (286.9 eV)73 showing up in TNA. In
the O 1s core level spectrum (Figure 13c), two peaks around 530.5 eV and 532.7 eV,
corresponding to bulk oxygen (O2-) in TiO2 and in H-O/C-O covalent bond respectively,
could be found in TNA-GO54, while only one peak of Ti-O at around 539.8 eV showed
up in TNA. The reason why the energy of Ti-O drifted increased a little in TNA-GO was
likely due to the fact that GO made the lattice of TNA more compacted. Thus, the core
level analyses of C 1s and O 1s further confirmed the GO in TNA-GO.
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Figure 13(a) XPS whole survey spectrum of TNA and TNA-GO. The high-resolution
(b) C 1s and (c) O 1s XPS spectra of TNA and TNA-GO.
3.3.2

Performance of TNA-GO

3.3.2.1 Visible light absorption
The UV-vis DRS and the corresponding relationship between (Ahν)1/2 and hν were
performed to examine the photocatalytic activities of TNA and TNA-GO. As shown in
the Figure 14a, both TNA and TNA-GO mostly responded to UV light. With direct band
gap, the band gap of TNA and TNA-GO can be determined by the Kubelka-Munk
equation as the intercepts in Figure 14b. Respectively, the band gap of TNA and TNAGO were about 3.0 eV and 2.8 eV. Thus, the band gap of TNA-GO was narrowed down
0.2 eV compared to TNA itself. Similar results were also found by other groups.57 By
having narrower band gap, the photo-response range of TNA can then change from UV
(~ 400 nm) to visible light (~ 440 nm), which also enlarge the utilization range of sun
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light. Here, an UCPL effect of GO may also provide a synergic explanation to this
improvement of light absorption.
3.3.2.2 Charge carriers’ migration
The charge carriers’ migration behaviors of TNA and TNA-GO were also explored
by measuring EIS. As shown in the –Nyquist plots (Figure 14c), the radii of the quadrants
at high frequencies range (closer to the origin) can reflect interface charge transfer
resistance and, the material with larger radius is supposed to have relatively larger
resistance. Meanwhile the slope of the line at low frequencies range indicates the
diffusion impedance (W) and capacitance characteristics of electrode materials, and the
bigger intercept of this slope on Z’ axis, the better diffusion the material can obtain, the
bigger . From Figure 4c, it can be learned that the radius of TNA’s and TNA-GO’s
quadrant were about the same size (the interfacial resistance of TNA and TNA-GO are
about the same), while the slope of TNA’s line in low frequence range being clearly
larger than the slope of TNA-GO’s. Since the angles between Z’ positive direction and
the slopes were both smaller than 45°, both TNA and TNA-GO were reflected as semiinfinite diffusion with Warburg impedance. With bigger intercept on Z’ axis, TNA
indicates better diffusion in material.
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3.3.2.3 Hydrophilic ability
The hydrophilic ability of TNA and TNA-GO were also tested by our self-made
goniometer camera (Figure 14d and 14e). Compared to TNA (Figure 14d), the contact
angle of water on TNA-GO (Figure 14e) was greatly reduced. This difference should be
attributed to the fact that the participation of GO brought some hydroxyl groups on TNA’
surfaces, and these aqueous-favoring hydroxyl groups made TNA-GO sample more
hydrophilic.

Figure 14(a) UV-vis DRS and (b) relationship between (Ahν)1/2 and hν. (c) Negative
Nyquist plots of the TNA and TNA-GO samples. Photograph depicting the hydrophilic
surface of (d) TNA and (e) TNA-GO.
3.3.3

Conclusion

From all the results above, highly ordered TNA sample was synthesized by utilizing
anodic oxidation method. After LB assembly, GO nanosheets have been successfully
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fabricated on TNA’s surface. This nanostructure is uniform and able to be formed on
large-scale substrates. Though the TNA-GO layer is very thin compared to its titanium
substrate, the absorption range of light has had a red-shift of 0.2 eV, which means more
sunlight with longer wavelength can be used by applying this composite to photocatalyst.
Meanwhile, compared to TNA, the resistance of TNA-GO was a little increased and the
hydrophilicity was greatly improved. More photocatalytic properties testing and
characterizing of this TNA-GO composite will be performed in further study.

3.4 Hydrothermal Fabrication of MoS2−TiO2−Graphene
Enhanced Photovoltaic and Photocatalytic Properties
3.4.1

Composite

with

Material characterization

100,000 times SEM and TEM images of MoS2, MoS2-TiO2 and MoS2-TiO2-RG were
shown in Figure 15. Sheets like materials can be found in all MoS2 (Figure 15a and 15d),
MoS2-TiO2 (Figure 15b and 15e) and MoS2-TiO2-RG (Figure 15c and 15f) samples, and it can

be attributed to either MoS2 or RG. Compared to MoS2 nanosheets, which was more like
Rose’s petals, RG nanosheets would be smoother and larger. In both the SEM and TEM
images of MoS2-TiO2 and MoS2-TiO2-RG samples, the nanoparticles with diameter of about
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10 to 20 nm should be according to TiO2 P25 nanoparticles. The corresponding EDS
spectra of MoS2, MoS2-TiO2 and MoS2-TiO2-RG (Figure 15g, 15h and 15i) showed the
availability of Mo, S, Ti, O and C, corresponding to MoS2, TiO2 and RG materials in
those samples. All of these results reflected the successful synthesis of MoS2, MoS2-TiO2
and MoS2-TiO2-RG materials.

The lattice fringes of both TiO2 and MoS2 in MoS2-TiO2-RG sample were further
evidenced in HRTEM images (Figure 16a and 16b). Several areas circled in the Figure
16a with an average lattice size of 0.23nm were attributed to the (100) plane of MoS 2.
Moreover, a lateral size at about 0.35nm was found in the Figure 16b, which should be
attributed to the anatase TiO2 (101) planes.
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Figure 15 100,000 times magnification SEM images of (a) MoS2, (b) MoS2-TiO2 and
(c) MoS2-TiO2-RG sample. 100,000 times magnification TEM images of (d) MoS2, (e)
MoS2-TiO2 and (f) MoS2-TiO2-RG sample. Energy Dispersive X-ray Spectroscopy (EDS)
of (g) MoS2, (h) MoS2-TiO2 and (i) MoS2-TiO2-RG.

Figure 16 (a), (b) High resolution TEM images of MoS2-TiO2-RG sample.
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The phase structures of MoS2, MoS2-TiO2 and MoS2-TiO2-RG samples were analyzed
by powder XRD patterns (Figure 17a). As shown in Figure 3a, the same typical
hexagonal structure (JCPDS 37-1492) of crystalline MoS2 could be found in all MoS2,
MoS2-TiO2 and MoS2-TiO2-RG samples in accordance with the selected area electron
diffraction patterns. These typical XRD patterns of MoS2 were also confirmed by other
publications.34b, 36b, 36c, 42b, 50 While facets (110), (101), and (111) of the rutile
TiO2 and facets (101), (004), (200), (105), (211), (204), and (116) of the anatase TiO2
could be found in both MoS2-TiO2 and MoS2-TiO2-RG samples, which confirmed the
content of TiO2 P25 in those nanocomposites. Since RG had a strong diffraction peak at
2θ = 26.5°, corresponding to graphene (002) facet, and the facets of TiO2 (101) and RG
(002) overlapped at around 26.5°, the diffraction peak at 2θ = 26.5° of RG may be hard to
be noticed in MoS2-TiO2-RG. This kind of result was also confirmed by other research
works. 43, 46-47, 53 Since MoS2 and TiO2 were well crystallized and the high charge
carriers’ mobility of RG nanosheets, MoS2-TiO2-RG may exhibit efficient electron
transport properties for enhanced photocatalytic activities.

The heterostructures of MoS2, MoS2-TiO2 and MoS2-TiO2-RG samples were further
investigated by comparing their Raman spectra. In Figure 17b, the Raman peaks of MoS2
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(380 and 406 cm−1, corresponding to the E1 2g and A 1g active modes, respectively74)
could be found in all those three samples, while the intensity of MoS2 characteristic peaks
are relatively low in MoS2-TiO2-RG sample. Four peaks of TiO2 at around 144 cm-1, 395
cm-1, 512 cm-1 and 639 cm-1 could be found in both MoS2-TiO2 and MoS2-TiO2-RG,
matching four modes of TiO2 as Eg(1), B1g(1), A1g+B1g(2) and Eg(2) respectively,
while the peaks at 144 cm-1 being the highest. Meanwhile, the typical peaks at around
1345 cm-1 and 1580 cm-1 of RG was found in MoS2-TiO2-RG nanocomposite, which
confirmed the D band of the sp3 defects and the G band of sp2 plane vibrations in
graphene. Generally, the intensity ratio of D band and G band (ID/IG) represents the ratio
of defects in graphene. Since the ID/IG of MoS2-TiO2-RG was about 1.5, it confirms the
reduction of GO to RG after the hydrothermal treatment when synthesizing MoS2-TiO2RG sample.

The FT-IR spectra of MoS2, MoS2-TiO2 and MoS2-TiO2-RG were then used to
investigate the composition of those three samples (Figure 17c). The vibration peak
appeared at around 1107 cm-1 (as circled out in Figure 17c) in all MoS2, MoS2-TiO2 and
MoS2-TiO2-RG samples should be attributed to a characteristic peak of MoS2.75
Compared to this vibration peak of MoS2, those peaks of MoS2-TiO2 and MoS2-TiO2-RG
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slightly shifted to longer-wavelength side, due to a less compacted lattice of MoS2 after
adding in TiO2 nanoparticles. Moreover, the characteristic peak of MoS2 at around 600
cm-1 (corresponding to γas Mo–S vibration76) was found in MoS2 sample but not in MoS2TiO2 and MoS2-TiO2-RG, which should be owing to its overlapping with a broad
vibration peak of Ti-O-Ti below 1000 cm-1. The spectroscopic band observed near 3380
cm-1 in MoS2-TiO2 and MoS2-TiO2-RG should be ascribed to both symmetric and
asymmetric stretching vibrations of the hydroxyl group (Ti-OH).75 Meanwhile, the
characteristic peak of absorbed water at 1630 cm-1 and around 3400 cm-1 could also be
found in all three samples, due to the absorption of atmospheric water during FTIR
measurements.
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Figure 17 (a) XRD patterns, (b) Raman Spectra and (c) FT-IR spectra of MoS2,
MoS2-TiO2 and MoS2-TiO2-RG.
3.4.2

Enhanced degradation of Rh.B

The UV-vis DRS and the corresponding relationship between (Ahν)1/2 and hν were
performed to examine the photocatalytic activities of MoS2, MoS2-TiO2 and MoS2-TiO2-RG
(Figure 18). With direct band gap, the band gaps can be determined by the KubelkaMunk equation as the intercepts in Figure 18b. Respectively, the band gap of MoS2, MoS2TiO2 and were about 2.2 eV, 2.3 eV and 2.8 eV, which means the band gaps of MoS2 and
MoS2-TiO2 were similar to each other and much different from the one of MoS2-TiO2-RG. These

testing result revealed that, by combining with RG nanosheets in an additional
hydrothermal treatment, the major light-responsible material in the nanocomposite might be
changed from MoS2 to TiO2.
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Figure 188 (a) UV-vis DRS and (b) relationship between (Ahν)1/2 and hν.
To evaluate the photocatalytic performance of MoS2, MoS2-TiO2 and MoS2-TiO2-RG
samples, Rh.B was again selected as a model organic pollutant to be degraded under Xe
light source, at room temperature and ambient pressure. The photodegradation results
were shown in Figure 18a and 18b. From the reals results images (Figure 19b), it can be
found that after 45 min of visible light exposure, the pink color in the solution with MoS2TiO2-RG was the lightest (almost colorless) while MoS2 being the darkest. This result also

matched the visible light absorption measurements (Figure 19a). From Figure 19a, in the
solution with MoS2-TiO2-RG photocatalyst, the characteristic peak of Rh.B at 554 nm
decayed fastest and completely disappeared after about 50 min. In comparison, after 50
min of visible light exposure, the remained Rh.B concentration ratio was about 8% and
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22% corresponding to the sample MoS2-TiO2 and MoS2. Thus, photocatalytic activities
have been enhanced by combining MoS2, TiO2 and RG together as MoS2-TiO2-RG.

Figure 19 19(a) UV-Vis mesurements of Rh.B photodegradation, where C0 is the
initial concentration of Rh.B and C is the concentration of Rh.B after irradiation of the
sample in the corresponding time interval. (b) Real images of Rh.B photodegradation
results after 45 minutes.
3.4.3

Conclusion

After hydrothermal treatment, visible-light responsible MoS2, MoS2-TiO2 and MoS2-TiO2-

RG samples have been successfully synthesized. While the characteristics of MoS2 and MoS2TiO2 being pretty similar, some significant differences were found in the ones of MoS2-TiO2RG sample. These differences were likely to be attributed to the inner bonding structures’
changing after combining with RG nanosheets. Moreover, by adding in RG, the major lightresponsible material in the nanocomposite was also changed from MoS2 to TiO2. Though the
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band gap of MoS2-TiO2-RG sample was larger than the ones of MoS2 and MoS2-TiO2, MoS2-

TiO2-RG nanocomposite still did the best among the three samples in Rh.B photodegradation
performance.
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IV. CONCLUSION
Due to some excellent properties, the cocatalysts of TiO2 with graphene materials has been
given much attention for electronic devices, energy conversion devices, photocatalysts, etc. This
study investigated the enhanced photocatalytic activities of TiO2 and graphene related cocatalysts.
Several nanocomposites of TiO2 with RG and GO were prepared and analyzed.

Firstly, a hybrid nanocomposites of TiO2 with RG was synthesized by the hydrothermal
method. Compared to TiO2, an obvious red shift of light absorption (from 3.1 eV to 2.6 eV) of the
as-prepared RG-TiO2 was observed by UV-vis analysis, and an enhanced photocatalytic
degradation of the Rh.B using the as-prepared RG-TiO2 was also observed in a Xe lamp exposure
test. The explication of these two approaches to photocatalytic improvements were concluded as
the energy gap changing and a likelihood of UCPL.

Then, a RG-TiO2 nanocomposites series were prepared using the same hydrothermal method,
under different synthesizing temperatures. It turned out that the photocatalytic activities of those
nanocomposites can be influenced by their synthesizing temperature, and the best synthesizing
temperature was found out as 120 ℃. The most excellent enhancing effect of this series on the
photocatalytic property was attributed to a thin two-dimensional sheet support, Ti-O-C chemical
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bonds between TiO2 and RG, the strong electron transfer ability of RG and good dispersion in
solution.

Moreover, the hetero-structure of TiO2 nanotube arrays with GO was synthesized using the
LB assembly method. The as-prepared TNA-GO sample was characterized by X-ray diffraction,
Raman spectra, scanning electron microscopy, transmission electron microscopy, energy
dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. It can be learned from the
testing results that after the fabrication of GO on TNA, the band gap was reduced about 0.2 eV,
the resistance of material was a little increased and the hydrophilicity was greatly improved.

Finally, after hydrothermal treatment, visible-light responsible MoS2, MoS2-TiO2 and MoS2-

TiO2-RG samples have been successfully synthesized. While the characteristics of MoS2 and
MoS2-TiO2 being pretty similar, some significant differences were found in the ones of MoS2TiO2-RG sample. These differences were likely to be attributed to the inner bonding
structures’ changing after combining with RG nanosheets. Moreover, by adding in RG, the
major light-responsible material in the nanocomposite was also changed from MoS2 to TiO2.
Though the band gap of MoS2-TiO2-RG sample was larger than the ones of MoS2 and MoS2-
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TiO2, MoS2-TiO2-RG nanocomposite still did the best among the three samples in Rh.B
photodegradation performance.
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